During the past several years, major advances have been made in understanding how reactive oxygen species (ROS) and nitrogen species (RNS) participate in signal transduction. Identification of the specific targets and the chemical reactions involved still remains to be resolved with many of the signaling pathways in which the involvement of reactive species has been determined. Our understanding is that ROS and RNS have second messenger roles. While cysteine residues in the thiolate (ionized) form found in several classes of signaling proteins can be specific targets for reaction with H 2 O 2 and RNS, better understanding of the chemistry, particularly kinetics, suggests that for many signaling events in which ROS and RNS participate, enzymatic catalysis is more likely to be involved than non-enzymatic reaction. Due to increased interest in how oxidation products, particularly lipid peroxidation products, also are involved with signaling, a review of signaling by 4-hydroxy-2-nonenal (HNE) is included. This article focuses on the chemistry of signaling by ROS, RNS, and HNE and will describe reactions with selected target proteins as representatives of the mechanisms rather attempt to comprehensively review the many signaling pathways in which the reactive species are involved. Keywords signaling; glutathione; thioredoxin; oxidants; reactive oxygen species; thiols; peroxide; nitric oxide; peroxynitrite; 4-hydroxynonenal; cysteine; hydrogen peroxide; protein tyrosine phosphatase; reactive nitrogen species; eNOS; iNOS; nNOS; soluble guanylate cyclase; cGMP; tyrosine nitration; fatty acid nitration; NO-heme; NO-metal complexes; nitrite; protein kinase C; ERK; JNK; p38MAPK; tyrosine kinase receptors; calcium
act as second messengers (1) (2) (3) ; however, with increased understanding of the chemistry of signaling by reactive species, we will now append the description to include the likelihood that, despite the possibility of non-enzymatic reactions that can be demonstrated in vitro, most ROS and RNS modifications of signaling proteins must be enzyme catalyzed to account for what is observable in the biological context. Nonetheless, there may be some non-enzymatic reactions that occur rapidly enough to account for the biological reaction. In this review, we will focus on how selected signaling proteins are modified by reactive species. Thus, many other signaling proteins that are known to be regulated by reactive species will not be mentioned here as they could take up a whole book (for example (4) ).
Generally, second messengers are produced in cells in response to receptor activation; however, as is well documented for nitric oxide ( · NO) acting as endothelial derived relaxing factor, some molecules can move from the cell of origin to act as a second messenger in another. Recently, H 2 O 2 has been suggested to act in such a paracrine manner (5) . Regardless, second messengers are generally short-lived, and act specifically on effectors to transiently alter their activity. The transient alteration of signaling proteins may be seconds as for some phosphorylation of proteins or may be minutes to hours long as in the synthesis of cyclins and their binding to cell cycle kinases and then degradation. Superoxide (O 2 ·− ), H 2 O 2 and · NO are generated upon receptor activation and are short-lived, as are other second messengers.
Superoxide and H 2 O 2 are generated by a variety of oxidoreductases (6) by a leak of electrons to O 2 from the mitochondrial electron transport chain at Complex III (7, 8) , redox cycling of quinones (9) and numerous other autooxidation reactions. Although cells can respond to generation of H 2 O 2 regardless of its source, the stimulated production of H 2 O 2 that is associated with physiological signaling is more likely due to the oxidoreductases known as NADPH oxidases (NOXs). The NOX isoforms called DuOXs can generate H 2 O 2 directly (10); however, most H 2 O 2 production, results from the dismutation of O 2 ·− produced by most NOX isoforms, five of which are found in mammals (10) . Recent reviews of the NOX and DuOX enzymes provide a thorough description of the components, assembly and functions of these important sources of ROS for both signaling and pathology (11) (12) (13) (14) (15) .
Nitric oxide ( · NO) is synthesized in cells through a 5-electron oxidation of L-arginine by members of a family of heme containing enzymes called nitric oxide synthases (NOS). A brief review of how · NO production is regulated is provided later in this article; however, for a thorough analysis of NOS enzymology the reader is referred to extensive reviews by others (16) (17) (18) (19) .
In contrast with · NO and H 2 O 2 , HNE is generated as a secondary product in lipid peroxidation. HNE binds covalently to proteins and can form stable adducts even when acting as a signaling molecule. In those cases, the reversible aspect of HNE signaling likely involves degradation and resynthesis of proteins. Although the turnover of HNE-modified proteins has not been extensively investigated, recent studies suggest that HNE marks proteins for both ubiquitindependent and ubiquitin-independent degradation (20) This article concerns the chemistry of signaling by reactive species. For this purpose, the kinetics of reaction needs to be considered. This is particularly important, as non-enzymatic reactions that can be demonstrated with pure enzymes in vitro may not have fast enough kinetics to occur in a cell where competing reactions would prevent the reaction. Therefore, to produce a redox dependent modification of the enzyme, enzymatic catalysis would be required to allow that modification under physiological conditions. Nonetheless, there is clear precedent for some non-enzymatic processes in signaling by reactive species such as the binding of · NO to the heme of the regulatory domain of soluble guanylate cyclase, resulting in activation and production of cyclic GMP (21) . Non-enzymatic reactions such as Michael addition of HNE to protein thiolates may also be fast enough to account for HNE-modification.
On the other hand, it is possible that a species may be so reactive that it lacks any specificity. For example, the hydroxyl radical ( · OH) has no specificity, as it reacts at nearly the rate of diffusion with almost any molecule. Hydroxyl radical production is clearly involved in pathological processes but the lack of specificity makes it useless as a second messenger. Similarly, production of peroxynitrous acid while certainly capable of modifying proteins and thereby interfering in signaling when the target is involved in a signaling pathway is more likely to lead only indirectly to cell signaling. In fact, while evidence will be presented that HNE causes signaling by altering proteins, it also is more likely involved in adaptive responses to oxidative stress than in the physiological signaling that occurs under non-stress conditions. In contrast, the regulated production of H 2 O 2 and · NO in response to receptor-mediated stimulation are clearly part of normal physiology.
ROLE OF THIOLS IN SIGNALING BY ROS
The small peptide, glutathione (GSH (γ-L-glutamyl-L-cysteinyl-glycine)) and the small protein, thioredoxin (Trx), which has two critical cysteine residues, are intimately involved in signaling by reactive species. This is in part due to the enzymatic reduction of H 2 O 2 by GSH, which is catalyzed by the glutathione peroxidases and peroxiredoxin (Prdx) 6 (see (22) for review of the glutathione peroxidase family and (23) for a review of Prdx 6).
Nonetheless, GSH and glutathione disulfide (GSSG) content in the cell is also dependent upon cellular export of GSH and GSSG, GSH synthesis, disulfide exchange with proteins that is generally catalyzed by a protein disulfide isomerase (PDI) or glutaredoxin. PDIs and glutaredoxin both contain two cysteines in their active sites, referred to as the thioredoxin fold (CXXC), which is essential to their function:
<1>
Glutathione S-transferase (GST) catalyzed conjugation reactions, which are important in metabolism and detoxification, can also modulate signaling by catalyzing Michael addition of GSH to HNE (reaction <2>):
<2>
Although glutathione could potentially react non-enzymatically in any of the reactions above, it would only do so in its thiolate form, GS − , which at pH 7.0 inside cells is 5 μM when GSH is 1 mM. With rate constants that are very slow for the non-enzymatic reactions, an enzyme that can catalyze each of these reactions is essential for any of them to proceed in a biological system. The GSSG/2GSH ratio is a reflection of the total metabolism of the cell that involves GSH; however, as signal transduction reactions are localized rather than distributed throughout the cell, there is not a direct relationship between the redox state and any specific redox signaling reaction. Indeed, signaling by reactive species might be modulated by the reaction of the species with GSH through one of the enzymes described above but the first step is very unlikely to involve a direct interaction with GSH or GSSG. Rather, it is the modification of thiols in signaling proteins that is more likely directly involved. The modifications that have been best characterized involve protein cysteines in formation of protein-glutathione disulfide (PSSG) and protein nitrosothiol (PSNO).
The Trx system for removal of H 2 O 2 is parallel to the GSH system. Five thioredoxin peroxidases, now called peroxiredoxin (Prdx) 1 through 5 catalyze the reduction of H 2 O 2 to water using Trx:
<3>
where Trx-(SH) 2 is the reduced Trx and Trx-(S) 2 is Trx with an intramolecular disulfide between its two active site cysteines. Trx-(S) 2 can be restored by the action of thioredoxin reductase:
<4>
As we will describe in detail below, GSH, Prdx and Trx play important roles in signaling beyond elimination of H 2 O 2 .
In the past few years, previously unrecognized biological functions for a range of redox-active sulfur species have been described. As intermediates and in some less well characterized systems, thiyl radicals (RS•), sulfenic (RSOH), sulfinic (RS(=O)OH) and sulfonic (RS (=O) 2 OH) acids, sulfenyl-amides, thiosulfinates, disulfide-S-monoxides, and polysulfides may play significant roles in signaling. These reactive sulfur species all possess exceptional chemical properties that allow them to participate in biochemical functions, such as redox sensing and response, catalysis, redox switching and intracellular redox signaling (24) .
Nonetheless, formation of glutathionylated cysteine residues in proteins (PSSG) has been paid the most attention. Mechanistically, PSSG formation by reactive oxygen species such as the superoxide radical anion and H 2 O 2 raises a number of questions, highlighted in a detailed kinetic study (25) . The reaction of H 2 O 2 with low-molecular-weight thiol(ate)s, including glutathione (GSH), seems to be rather slow (approx. 20 M −1 s −1 ). This reaction produces glutathione sulfenic acid (GSOH). Protein-based thiols might be somewhat more reactive, but only in cases of an exceptionally low pKa value as in the active site of peroxiredoxins. The general reaction of protein thiolates with H 2 O 2 is: <5> which can then go on to a reaction with GSH to yield a mixed disulfide:
<6>
The reaction of thiols with O 2 ·− is faster (estimated as up to 1000 M −1 s −1 ), yet can rapidly regenerate O 2 ·− . The underlying chain of reactions is complex. It starts with the formation of a sulfinyl radical, which reacts with a thiol to form a sulfenic acid and a thiyl radical. The latter reacts with a thiol to form the glutathione disulfide radical anion (GSSG •− ), which loses an electron by reducing oxygen to O 2 ·− (25) .
The formation of PSSG is also called glutathionylation. It has been proposed that formation of PSSG during oxidative stress prevents the overoxidation of cysteine to sulfinic and sulfonic acids, which unlike sulfenic acid is not reducible by GSH. Apart from glutathionylation, another chemical modification to prevent cysteine overoxidation has recently been discovered in the form of sulfenyl-amide formation. It was shown that, the cysteine residue in protein tyrosine phosphatase 1B (PTP1B) can react after oxidation to a sulfenic acid by H 2 O 2 in the absence of GSH (26, 27 (45) and the lipid phosphatase, phosphatase and tensin homolog deleted on chromosome 10 (PTEN). In addition, as mentioned above, in its reduced form Trx binds and inhibits ASK1 and possibly other signaling proteins as well (46) (47) (48) (49) (50) (51) (52) (53) . When oxidized by formation of a disulfide between the two cysteines in its active site, Trx dissociates from ASK1, allowing it to become activated (46-53) (Figure 1 ). Also, GSTΠ inhibits c-Jun-N-terminal kinase (JNK) but dissociates and allows JNK activation when its critical active site cysteine is oxidized (54) (55) (56) . The bacterial transcription factor, OxyR (57) and the eukaryotic transcription factors AP-1 (58) and NF-κB (59) also contain critical cysteine residues that are targets of signaling. Caspases that are involved in the signaling for apoptosis also have a critical cysteine in their active sites (60)).
3b. As thiol groups are crucial for the catalytic and structural functions of these proteins, their oxidation in normal cells is likely related to the physiological consequences of H 2 O 2 production. The proteins belonging to the PTPs family share the same structure of catalytic site characterized by an 11-residue signature sequence (I/V)HCXAGXXR(S/T/G), which includes the catalytic cysteine (Cys215) (68, 69) . The catalytic mechanism involves a nucleophilic attack by an active site cysteine on a phosphotyrosine substrate that is finally hydrolyzed by a water molecule (70) . The cysteine exists in reduced the thiolate anion form as it has a low pK a due to the presence of surrounding basic amino acids. The thiolate anion is the required form for the function of the PTPs but it is also more susceptible to oxidation by H 2 O 2 .
Much of the work on the redox regulation of PTPs has been done with PTP1B. The cysteine thiolate of PTP1B can be readily oxidized to sulfenic acid, a reversible form of oxidation, but can be oxidized further to a sulfinic or sulfonic acid (27). As described above, Srx can reduce the sulfinic acid form of Prdx 1 (71) but thus far no evidence exists for the formation or reduction of the sulfinic acid form of PTP1B in vivo.
One of the characteristics of signal transduction is that the modification of effector proteins has to be transient. Nonetheless, "transient" may mean degradation and resynthesis; e.g., cyclins. For phosphorylation, transient is often seconds to minutes. In that case, the modifications of the protein kinases and phosphatases must be reversible. Reversible inactivation of several different protein tyrosine phosphatases has been shown in relevant cell types stimulated by PDGF, EGF, insulin, and B cell receptor ligands (40, (72) (73) (74) .
Two main mechanisms have been suggested as protection of irreversible inactivation of the protein effectors PTPs. One of the mechanisms involves the reaction of cysteine residue oxidized to sulfenic acid with an amide from the protein backbone. This reaction has been observed in purified proteins and in absence of glutathione in several PTPs (27, 75) . Thus, while feasible, this reaction has not yet been demonstrated to occur in vivo.
As described above, glutathionylation (formation of a mixed protein-glutathione disulfide) is one of the post-translational modifications that occurs in cells in response to oxidative stress that could prevent overoxidation (76); but, it also has been proposed in cell signaling (36, 63, 77) . During this process, a critical cysteine sensitive to oxidation by H 2 O 2 or other hydroperoxide may be oxidized and can then form a disulfide bond with glutathione (GSH), resulting in altered activity. Several signaling proteins have been shown to undergo glutathionylation, including PTPs and transcription factors (36, 63, (77) (78) (79) (80) . Although the mechanism by which glutathionylation occurs is not agreed upon, this process has been shown occur in vivo in relevant cell types (81) (82) (83) (84) (85) (86) . Although glutathionylation of PTP1B can be achieved in vitro with the purified enzyme through oxidation by H 2 O 2 and addition of GSH (through the sulfenic acid and sulfenyl-amide as described above) (26) (27) or by addition of a very high concentration of GSSG (63), it is not known if glutathionylation occurs enzymatically or non-enzymatically in vivo and kinetic considerations clearly argue against the latter (87) . While formation of glutathionylated PTP1B through disulfide exchange in the cytosol by reaction with GSSG enzymatically or non-enzymatically is unlikely due to the requirement for markedly increasing GSSG, a recent paper by Beer et al. demonstrated glutaredoxin 2 dependent catalysis of glutathionylation/deglutationylation of mitochondrial proteins (88) . Interestingly, a paper by Seth and Rudolph of recent publication extended the diversity of mechanisms utilized by PTPs to prevent irreversible oxidation of the active site. They found that in MAP kinase phosphatase 3 (MKP3) the sulfenic acid formed by oxidation, did not form a sulfenyl-amide, or a disulfide with GSH but, reacted with one of several cysteines in N-terminal and C-terminal to form a disulfide (75) . Further insight into cellular mechanisms of protein glutathionylation and deglutathionylation or sulfenyl-amide formation will enrich our understanding of redox signal transduction and potentially identify new therapeutic targets for diseases in which oxidative stress perturbs normal redox signaling.
OTHER SIGNALING MECHANISMS FOR ROS
While thiols appear to be the most likely direct target for action by H 2 O 2 , the participants in signaling downstream of the initial interaction of H 2 O 2 include second messengers, such as calcium, diacylglycerol and ceramide. These second messengers in turn can signal for increased activity of a large variety of effectors. As the present article primarily concerns the chemistry of redox signaling rather than the downstream events, we will provide here several reviews that describe the involvement of those second messengers in hydroperoxide regulated signaling pathways (89) (90) (91) (92) (93) (94) . A caveat is that many of the studies cited in these reviews were done with exogenous H 2 O 2 as a stimulant and thus, their physiological relevance remains to be established (87) .
Another mechanism for signaling by ROS could modulation the binding of iron in the ironsulfur clusters that are in the iron-response proteins that regulate iron metabolism through their binding to the iron-response element. Whether it is the iron oxidation state or oxidation of the sulfur in the clusters is not clearly understood but the effects are dramatic in terms of regulating iron metabolism. Regardless, this kind of ROS signaling appears to require higher levels of O 2 ·− and/or H 2 O 2 than is normally associated with physiological signaling. This important but incompletely understood aspect of ROS signaling has been the subject of an excellent review that implicates ROS-iron signaling in sepsis and acute respiratory distress syndrome (95,96).
SIGNALING BY RNS
Signal transduction via nitrogen oxide species is an important and burgeoning field that is entwined with the signaling associated with O 2 and O 2 -derived species. Thus, a review of the cellular signaling of oxygen-derived species is not complete without including a discussion of nitrogen oxides since the chemical biology of these two classes of signaling molecules is intimately linked. The reason for this is due to the fact that oxygen (and derived species) are capable of reacting with •NO, leading to either activation or deactivation (depending on the cellular target) of its ability to elicit (patho)physiological responses. Also, due to similarities in their chemistries (metal ligation, electrophilicity, etc.), many nitrogen oxides and oxygen and/or oxygen-derived molecules act on similar (or the same) signaling targets. Thus, the intimate biochemical relationship between the nitrogen-and oxygen-derived species is unavoidable and profound and will be emphasized in the following discussions of nitrogen oxide signaling.
The first nitrogen oxide discovered as an endogenously generated species in mammalian systems was · NO. This was an important discovery since it was the first report of the endogenous generation of a small, freely diffusible and otherwise toxic species for the purposes of signal transduction (for example, (97)).
REGULATION OF NITRIC OXIDE BIOSYNTHESIS -GENERAL CONSIDERATIONS
Nitric oxide is biosynthesized via the 5-electron oxidation of the amino acid L-arginine by a family of heme containing proteins referred to as the nitric oxide synthases (NOS). A comprehensive description of the enzymology of NO biosynthesis is beyond the scope of this article and has been reviewed extensively elsewhere (for example, (16) (17) (18) (19) ). However, of particular relevance to this article, the K m values of O 2 for the three major isoforms differ significantly, indicating · NO biosynthesis can be regulated by O 2 levels, depending on the isoform (19) . The apparent O 2 K m values for nNOS, iNOS and eNOS are 350, 130 and 4 μM, respectively. This indicates that nNOS may be highly regulated by cellular O 2 levels while eNOS will be maximally active at even extremely low O 2 concentrations.
The regulation of NOS activity is an important aspect of nitrogen oxide signaling since · NO is not easily stored (due to its high diffusability through membranes), has a short biological lifetime and is generally thought to be made only as needed (although there have been numerous reports of other stable nitrogen oxide species capable of serving as endogenous sources of · NO, vide infra). Of special relevance to this review is that it appears that O 2 (and O 2 -derived species) are important in NOS regulation/expression and examples of this will be given in order to illustrate and emphasize some of these relationships.
ACTIVATION OF SOLUBLE GUANYLATE CYCLASE AND cGMP SIGNALING
The most established biochemical target for the actions of NO is the enzyme soluble guanylate cyclase (sGC) (for reviews of sGC enzymology, see (98) (99) (100) ). This enzyme catalyzes the conversion of guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). Thus, a large majority of the biological signaling associated with · NO is due to the second messenger cGMP, an important messenger involved in a number of critical physiological processes in the cardiovascular system including regulation of vascular smooth muscle tone, cell proliferation, platelet aggregation and leukocyte recruitment (100, 101) . Thus, the regulation of cGMP levels has implications for the pathogenesis and treatment of numerous cardiovascular disorders including hypertension, sepsis, stroke and erectile dysfunction. In particular, since the development of atherosclerosis involves adhesion of monocytes to the vascular endothelial layer, platelet activation and smooth muscle proliferation (each inhibited by cGMP), manipulation of cGMP may also have important consequences in preventing the development of coronary artery disease (102,103).
INTERACTION OF NITROGEN OXIDES WITH THIOLS: S-NITROSYLATION AND OTHER PRODUCTS
The modification of cysteine residues on peptides and proteins via reaction with nitrogen oxides has been examined extensively and is considered to be an important aspect of nitrogen oxide signaling (104) (105) (106) (107) . The basic chemistry of thiol modification by nitrogen oxides has also been examined in detail and there are numerous mechanisms by which endogenously generated nitrogen oxides can react with and modify thiols. The reaction of · NO with O 2 generates several species that are capable of reacting with thiols (Reactions <7>-<11>).
The products of nitrogen oxide-mediated modification of thiols via the chemistry depicted above are S-nitrosothiols (RSNO, Reactions <10> and <11>) and the process of RSNO generation has been coined S-nitrosylation (a mechanistically ambiguous term). A fundamental problem with the biological relevance of the chemical processes leading to S-nitrosylation depicted in Reactions <7>-<11> is that generation of the ultimate thiol reactive species, · NO 2 or N 2 O 3 , requires high concentrations of · NO since the generation of either is second order in · NO (Reaction <7>). As the concentration of · NO in biological systems (at least from endogenous generation) is likely to be very low or sub micromolar at the greatest, this 2nd order process seems very unlikely. However, both · NO and O 2 favorably partition into lipid/hydrophobic environments (i.e. cellular membranes) indicating that thiol modification via these reactions will be more prevalent in or near membranes (108).
The chemistry described above (Reactions <7>-<11>) is not the only conceivable sequence for the formation of S-nitrosothiols in biological systems as RS• may be formed by other reactions than reaction <9>. Indeed, it is becoming increasingly evident that cysteine thiyl radicals are present and crucial in some enzymes (for example, in ribonucleotide reductases (109) , pyruvate formate lyase and benzylsuccinate synthase (110) ) and are intermediates in thiol oxidation processes (i.e. thiol oxidation by one electron oxidants such as · NO 2 . (111)). Thus, thiyl radicals can be generated in biological systems either as reactive species involved in enzyme-catalyzed reactions or as intermediates in thiol oxidation processes. Regardless, thiyl radicals would serve as precursors to S-nitrosothiols in the presence of · NO.
Two primary targets of nitrogen oxide chemistry in biological systems are metals and thiols. Both of these targets can be utilized for the generation of an S-nitrosothiol. As shown immediately below, · NO can coordinate with a ferric ion (i.e. ferric porphyrin), to form a complex that can be depicted as either a ferric-nitrosyl or a ferrous-nitrosonium species (these can be viewed as resonance forms of the complex) (Reaction <12>). In the presence of a nucleophile (e.g. a thiol or water), nitrosation occurs, generating the corresponding ferrous metal and a nitrosated nucleophile (Nuc) (Reaction <13>). The ferrous porphyrin can then react directly with NO to form a ferrous nitrosyl (Reaction <14>). This process (Reactions <12>-<14>) is referred to as reductive nitrosylation (112) .
<12> <13>

<14>
In the event that the nucleophile in Reaction <13> is a thiol, this process generates an Snitrosothiol. Significantly, this process is first order in · NO and only requires the presence of an oxidized metal (i.e. a ferric porphyrin) and a nucleophilic thiol. From a kinetic perspective, metal-mediated formation of an S-nitrosothiol appears much more facile since 2nd order reactions in · NO are not necessary.
S-Nitrosothiols are capable of further reactions leading to other possible products. For example, transnitrosation from one S-nitrosothiol to another thiol can occur (Reaction <15>). In a transnitrosation reaction, the equivalent of a nitrosonium ion (NO + ) is transferred from one thiol to the other (although a '"free" nitrosonium ion is not likely formed under biological conditions). The reaction of a thiol and nitrosothiol can also have another outcome: generation of a disulfide and HNO (Reaction <16>).
<15>
<16>
The chemical factors that determine which pathway occurs (Reaction <15> or <16>) have not yet been elucidated.
Signaling associated with protein S-nitrosothiol formation (S-nitrosylation) has been hypothesized to be akin to other, more established signaling systems such as protein phosphorylation, ubiquitination, acetylation, etc. (for example, see (113) ). However, at present there is an important distinction between, for example, phosphorylation and S-nitrosylation: Protein phosphorylation/dephosphorylation is a highly controlled signaling system with a variety of highly regulated protein kinase and phosphatase enzymes whose signaling specificity is derived from very discriminating protein-protein interactions. This degree of specificity and regulation has not yet been reported for S-nitrosylation and thus equating S-nitrosylation with phosphorylation, for example, seems unwarranted at this time. However, some recent work implicates specific S-nitrosylated enzymes (e.g. S-nitrosylated thioredoxin) in effecting the transnitrosation of, in this case, caspase 3, an event that would serve to regulate cellular apoptosis (114) . This report indicates that there may indeed be specificity in S-nitrosylation signaling, although there is still not the body of evidence to warrant comparisons with many other, more established signaling pathways. •− ), all of which are capable of oxidizing tyrosine to give a tyrosyl radical (allowing the possible generation of 3-nitrotyrosine).
Thiol oxidation by ONOO − can occur via either one-or two-electron processes (115) . For example, the cysteine in albumin can be oxidized to the sulfenic acid by ONOO − (116) and thiyl radicals have been observed in the oxidation of glutathione and a hemoglobin cysteine when reacted with ONOO − (117). Thus, it is clear that ONOO − , derived from · NO and O 2 ·− , can lead to thiol oxidation. However, it should be noted that the general biological relevance of ONOO-generation has been questioned (118) and may be limited.
8a. Tyrosine nitration
It has been demonstrated that under certain (patho)physiological conditions, nitration of tyrosine occurs. The mechanism of tyrosine nitration is reported to occur predominantly via a free radical process through a tyrosyl radical intermediate (for example, (119,120)) (Reaction <21>).
<21>
As is the case with thiyl radicals, tyrosyl radicals are prevalent in a variety of enzyme catalyzed reactions, serving as one-electron oxidants (for example, see (121) ). The generation of 3-nitrotyrosine via the mechanism depicted in Reaction 21 is dependent on the presence of a oneelectron oxidant for the formation of a tyrosyl radical. There are several candidates and/or possible biologically relevant oxidants that would be capable of performing this oxidation. These include hydroxyl radical (HO•), carbonate radical anion (CO 3 •− ), · NO 2 or peroxidase activity (e.g. myeloperoxidase/H 2 O 2 ) (119). The generation of some of these oxidants can be formed via an initial reaction between · NO and O 2 ·− (vide supra).
Although peroxynitrite is capable of eliciting tyrosine nitration via the generation of the abovementioned radical species, there are other mechanisms available that do not require ONOO − . For example, myeloperoxidase/H 2 O 2 will oxidize NO 2 − to · NO 2 , which can then nitrate tyrosine. Also, · NO can trap the tyrosyl radical intermediate, leading to 3-nitrosotyrosine (122) . Further oxidation of this intermediate by two-electrons gives 3-nitrotyrosine (Reaction <22>).
<22>
The phosphorylation/dephosphorylation of protein tyrosines is an important and wellestablished mechanism of cell signaling. That is, the addition or elimination of phosphate at specific protein tyrosines results in changes in protein function that serve important signaling processes. Although tyrosine nitration may also alter protein function, there is currently an important distinction between tyrosine phosphorylation and nitration with regards to cell signaling. Unlike phosphorylation, nitration is currently viewed as an irreversible modification of tyrosine. Thus, if tyrosine nitration were part of a normal signaling process, it would represent a "trigger" rather than a reversible signal. Indeed, it is likely that tyrosine nitration is best viewed as a marker for · NO-mediated oxidative stress. However, it is worth noting that "denitration" of protein nitrotyrosine has been reported (for example, (123-125)), lending credence to the idea that protein tyrosine nitration may not be merely a marker for nitrogen oxide/oxidative stress but could be a regulated and reversible signaling process.
8b. Fatty acid nitration
Many important cell signaling processes involve biochemical transformation of fatty acids for the generation of signaling molecules. For example, arachidonic acid serves as the precursor to myriad important signaling eicosanoids, including prostaglandins, thromboxanes and leukotrienes via the actions of specific enzymes. Unsaturated fatty acids are also subject to modification by nitrogen oxides and these products have been reported also to be possible signaling molecules. There appears to be little doubt that nitrated fatty acids (LNO 2 ) are endogenously present at levels that can elicit biological responses (126) . For example, nitrolinoleate is capable of inhibiting platelet and neutrophil function by a cAMP-dependent process (for example, (127)). Also, nitrolinoleate can serve as a storage form of · NO since chemical decomposition releases · NO and elicits vasorelaxation (128) . Nitro derivatives of oleic acid have also been found to be capable of eliciting gene expression via activation of PPAR-gamma (126) . Nitrolinoleic acid induces heme-oxygenase 1 by a predominantly · NOindependent mechanism (129). Nitrated arachidonic acid derivatives have been shown to have anti-inflammatory properties via mechanisms that include the release of · NO and an increase in cGMP (130) .
The generation of nitrated fatty acids is chemically complex and likely involves fatty acid radical intermediates and · NO 2 (for example, (131)). As mentioned previously, the generation of · NO 2 from the reaction of · NO and O 2 is much more probable in membranes compared to the aqueous cytosol due to the partitioning of these species into hydrophobic environments (108) . The release of · NO from nitrated lipids has been examined and several mechanisms have been proposed involving homolytic cleavage of a precursor to generate · NO and a relatively stable radical co-product (132, 133) . Regardless, the biological activity associated with nitrolipids is another example of the close relationship between · NO and O 2 signaling/biology since both species are required for the generation of nitrolipids, a process that is greatly enhanced by their abilities to favorably partition into membranes.
8c. · NO-heme and · NO-metal complexes
One of the most important chemical aspects of · NO biology is its ability to coordinate metals such as the iron in iron-heme proteins. Indeed, the most established and certainly one of the most important biological targets for NO is the heme protein sGC (vide supra). Significantly, O 2 also has a high affinity for many metals, including heme proteins (although it does not bind sGC Recent studies indicate that · NO can have numerous effects on the cellular response to hypoxia. The regulation of the expression of genes in response to hypoxia is due, in part, to the actions of hypoxia inducible factor 1 alpha (HIF1-α) (for example, (136)). Under normal oxygen conditions, HIF1-α protein levels are low due to the actions of O 2 -dependent, iron (non-heme) containing prolyl hydroxylases that oxidize it, leading to its degradation/elimination (for example (137) ). However, under low O 2 conditions (hypoxia), the activity of the prolyl hydroxylases is decreased (due to the lack of O 2 as a co-substrate) leading to an increase in the levels of HIF1-α and, therefore, an increase in the expression of genes for the response to hypoxia (e.g. erythopoietin, vascular endothelial growth factor (VEGF), glycolytic proteins, etc.). The prolyl hydroxylases utilize iron to bind and activate O 2 for the hydroxylation of HIF1-α. As · NO is capable of binding to many sites that normally bind O 2 , · NO can compete with O 2 binding to numerous sites, altering the hypoxic response. Indeed, it is reported that · NO can inhibit prolyl hydroxylase, leading to a possible hypoxic response under normoxic conditions (for example, (138)). On the other hand, · NO binding to cytochrome c oxidase appears to result in a redistribution of O 2 utilization resulting in an increase in prolyl hydroxylase activity and an inhibition of hypoxic responses (139) . Thus, the effect of · NO on the hypoxic response is complex and equivocal and appears to be dependent on numerous factors including the concentration of · NO, the oxygen status of the cells and even the nature of the · NO donor used in the studies.
NITRITE SIGNALING
Nitrite and nitrate comprise the oxidative fates of nitric oxide produced endogenously. NOSderived · NO is rapidly converted to nitrate by oxyhemoglobin or oxymyoglobin (Reaction <23>) (140) .
<23>
In the absence of oxyhemoproteins, · NO is oxidized to nitrite via Reactions <7> and <8> (above) and Reaction <24> (141) which, in addition to being a decomposition product of · NO, may posses signaling properties through re-reduction to · NO and participation in the formation of heme nitrosyls and nitrosothiols (vide infra).
<24>
The concentration of nitrite in the body is derived from three main sources; (1) oxidation of NOS derived · NO (142), (2) reduction of nitrate in the mouth and gastrointestinal tract by bacteria (143) , and (3) nutritional sources such as processed meats and green leafy vegetables (see (143) ). Nitrite has a lifetime of hours in plasma; however, whole blood nitrite is rapidly oxidized by oxyhemoglobin and oxymyoglobin to nitrate with a half life of about 110 s while nitrate has a half life of 5-8 h (see (143) ). This is in contrast to tissue metabolism where nitrite and nitrate have half-lives in the tens of minutes. For this reason, the concentration of nitrite in tissue is normally 1-2 orders of magnitude higher than blood (144) (145) (146) . The reaction of nitrite with oxyhemoproteins has potential toxicological implications as it results in methemoprotein formation. It is a complex reaction characterized by a lag phase preceding an autocatalytic phase ( (147) 
<28>
The vasodilatory properties of nitrite have been known for some time. Furchgott and Bhadrakom in 1953 used supraphysiological concentrations of acidified nitrite to relax precontracted aortic strips (148) . The idea that nitrite is an in vivo regulator of vascular tone was challenged years later when it was reported that physiological concentrations of nitrite are insufficient to regulate vascular tone (149) . However, nitrite is now thought to serve as a source of · NO under pathophysiological conditions such as hypoxia and ischemia where NOS derived · NO is unavailable. Nitric oxide forms from nitrite nonenzymatically at low pH by a disproportionation reaction (Reactions <29>-<31>) but is limited to places where the pH may be close to the pK a of nitrous acid (3.3) such as ischemic tissue or the stomach.
<29> <30>
<31>
· NO generated by this chemistry in the stomach is thought to play an important role in host defense and the regulation of gastric mucosal integrity (150) . Nitrite reduction to nitric oxide is catalyzed by elements of the mitochondrial electron transport chain such as ubiquinol and cytochrome c oxidase (complex IV) under hypoxic conditions (151, 152) . The · NO produced has a high affinity for cytochrome c oxidase and may serve as a reversible inhibitor of mitochondrial respiration (vide supra) preventing ischemic reperfusion injury. Xanthine oxidase, an enzyme normally responsible for reducing oxygen to O 2 ·− , is also capable of reducing nitrite to · NO (153) (154) (155) (156) (157) . The maximal rate of this process is observed at low pH and low oxygen tension. The substrate oxygen is not only a competitive inhibitor but the product superoxide is also a diffusion-limited scavenger of · NO. It was determined that the concentration of xanthine oxidase and nitrite were sufficient in no-flow ischemic cardiac tissue to generate · NO levels comparable to NOS (158). Doyle and coworkers (140) were the first to describe nitrite reductase activity by deoxyhemoglobin (Reaction <32>).
<32>
More recently, it was found that deoxyhemoglobin converts nitrite to · NO under hypoxic conditions resulting in vasodilation (159,160) with a maximum rate at 50% oxygenation providing a link between nitrite and hypoxic vasodilation (161) . This link is controversial in light of the high affinity and stability constants associated with the reaction of · NO produced and the increasing amount of deoxyhemoglobin (k a = 2 × 10 7 M −1 s −1 , k d = 3 × 10 −3 s −1 , (162)). Therefore any · NO produced from the nitrite reductase activity of deoxyhemoglobin could also be scavenged by deoxyhemoglobin or destroyed by oxyhemoglobin and not contribute to vasodilation. It has been proposed that the ferrous-nitrosyl-hemoglobin may be oxidized in vivo to the ferric-nitrosyl-hemoglobin to favor the release of · NO (k d = 1 s −1 , (162)). This is a very active area and more work is being done to address this phenomena.
LIPID PEROXIDATION PRODUCTS IN REDOX SIGNALING
Lipid peroxidation occurs as free radicals "steal" an electron from an unsaturated lipid molecule, which can result in a chain reaction as shown in the figure below:
<33>
As a result of the unavoidable production of free radicals and oxidants, lipid peroxidation occurs as a physiological phenomenon in aerobic organisms. Decomposition of the lipid peroxyl radicals or the primary free radical intermediate of lipid peroxidation generates reactive aldehydes. Accumulating evidence from the last decade has shown that some of aldehydes can function as messengers that activate or inhibit signaling pathways under physiologic or pathologic conditions. Here the focus is on the signaling pathways activated by HNE, the major unsaturated aldehyde derived from lipid peroxidation.
10a. HNE: production, reaction, and elimination
HNE is the major α, β-unsaturated aldehyde derived from peroxidation of ω-6 polyunsaturated fatty acids such as linoleic acid and arachidonic acid (163, 164) . The physiological concentration of HNE in the plasma is reportedly from 0.3-0.7 μM (164,165) but its concentration can reach as high 10 μM or more in plasma membrane under conditions of oxidative stress (166, 167) . While HNE is therefore considered as a biomarker of oxidative stress (167, 168) , it is also implicated in various oxidative stress-related diseases, including atherosclerosis (169), neurodegenerative diseases (170) , and fibrosis (171) .
Once formed, HNE is rapidly degraded by three major reactions: reduction to 1,4-dihydroxy-2-nonene by alcohol dehydrogenases (172) , oxidation to 4-hydroxy-2-nonenoic acid by aldehyde dehydrogenase (173) (174) (175) , or formation of the glutathione-conjugate (GS-HNE) catalyzed by glutathione-S-transferases as shown in equation <2>. The majority of HNE is metabolized through forming GS-HNE (172). Some GST isozymes; i.e., the human GSTA4-4 and GST5-8, have significantly higher catalytic efficiency in conjugation of HNE than other GSTs and are able to regulate the cellular effects of HNE (176) (177) (178) . Cells also adapt to the need to eliminate HNE through induction of the rate-limiting enzyme for GSH synthesis, GSTs, and aldose reductase by HNE itself (179) (180) (181) .
The structure of HNE contains an electrophilic C=C double bond conjugated with the double bond of a carbonyl group, and a hydroxyl group that all contribute to making HNE highly readily react with nucleophiles such as the thiol of cysteine (which is a far better nucleophile when in the thiolate form), the imidazole group of histidine, and the primary amine of lysine in protein via Michael addition and/or Schiff base reaction (182) (183) (184) . It is generally thought that the conjugation between HNE and protein is non-enzymatic and irreversible, and the resulting HNE-protein conjugates are subsequently degraded. Recent studies indicate that both ubiquitin-mediated and non-ubiquitin-mediated proteosomal degradation is responsible (20) . Other studies have demonstrated that cross-linking between proteins may occur through bridging by HNE, which can form a Michael adduct and Schiff base sequentially, and that these cross-linked proteins may accumulate due to their resistance to proteosomal decomposition (185, 186) .
SIGNALING PATHWAYS ACTIVATED BY HNE
Numerous studies have shown that physiological concentrations of HNE can stimulate cellular proliferation (187) (188) (189) , differentiation (190, 191) , and cytoprotective response (181, (192) (193) (194) (195) (196) (197) , through affecting multiple signaling pathways. As low as 0.5 μM, HNE can induce transcription of glutamate cysteine ligase, the first enzyme of GSH synthesis, through activation of the Nrf2-EpRE signaling pathways (198) . All these studies point to the potential signaling function of HNE in both physiological and pathological conditions. Although nontoxic concentrations of HNE are known to affect several signaling pathways, identification of the exact targets of HNE has a long way to go compared with H 2 O 2 and · NO.
11a. Activation of protein kinase C by HNE
PKCs are a family of 12 isozymes that are involved in many cellular processes such as proliferation, differentiation, stress response, and apoptosis. PKCs include three subfamilies; i.e., classical or conventional PKC (cPKC: α, β, γ), novel PKC (nPKC: δ, ε, θ, and η), and atypical PKC (aPKC: ζ and ι/λ). Many PKC isozymes are reportedly to be either activated or inhibited by HNE. These different effects appear to be isozyme-and HNE concentrationdependent.
Chiarpotto et al. first systematically investigated the dose-dependent effect of HNE on PKC isozyme activity. In rat hepatocyte, they demonstrated that PKC-βI and βII were activated by HNE at concentrations 0.1-1 μM, while they were inhibited when HNE concentration was higher than 1μM (1-10 μM) (199) . This finding was supported by other reports, which, either by using PKC-βI and βII inhibitor GO6976, or by directly measuring kinase activity, demonstrated that these two PKC isozymes were activated by < 1 μM HNE (200) . In contrast to PKC-β, the novel PKC-δ activity was inhibited by 0.1 μM HNE but increased by 1-10 μM HNE (199, 200) . Numazawa also reported that HNE-mediated HO-1 induction was completely abrogated by dominant-negative expression of atypical PKC-ι (201) , suggesting that HNE may also activate PKC-ι.
The underlying mechanism of how PKCs are modulated by HNE is largely unknown. PKCs contain several cysteine-rich regions in the regulatory domain and at the catalytic site, which are redox sensitive (202) and therefore potential targets for HNE conjugation. HNE could also potentially modulate PKC activity through forming adducts with lysine or histidine residuals that are essential for enzyme activity. Obviously further research is required to clarify how PKC activity is affected by HNE including whether PKCs are directly modified or indirectly from upstream signaling events.
11b. MAPK activation by HNE
Mitogen activated protein kinases (MAPK) are a group of serine-threonine kinases that include extracellular signal regulated kinase (ERK), p38MAPK, and c-Jun N-terminal kinase (JNK). The redox regulation of MAPK pathways has been well known (203) and numerous studies have clearly shown that pathophysiological concentration of HNE (1-25 μM) could increase the phosphorylation/activity of the major three MAPK pathways (204) (205) (206) (207) (208) (209) (210) .
Using antibodies specific to HNE-histidine adduct, Parola et al. found JNK-HNE adducts in nucleus with treatment of 1 μM HNE. Based on the evidence that no upstream kinase in JNK cascade was activated and that the nuclear JNK was not in a phosphorylated form, the authors concluded that histidine-modification in JNK is sufficient for JNK nuclear translocation and activation (211) . In contrast, Song et al. reported that HNE more likely activated JNK through targeting upstream kinases. They found that HNE-mediated JNK activation could be abrogated with the dominant-negative inhibition of stress-activated protein kinase kinase 1 (SAPKK1 or SEK1), the upstream kinase of JNK that was also activated by HNE (205) . It should be noted however, that modification of the upstream protein kinases by HNE directly has not been demonstrated. Direct modification of a PTP that modulates upstream signaling for the JNK pathway seems more likely than is direct modification of a protein kinase because the former has a thiolate in its active site that is inactivated by modification. This inactivation of the phosphatase would result in increased phosphorylation of its target protein. Recently, HNEinduced inactivation and degradation of SHP-1, which is upstream of JNK has been demonstrated (212) (Figure 1) ; however, it is only presumed but not yet demonstrated that the inactivation of SHP-1 that precedes its degradation resulted from active site cys conjugation with HNE. Similarly, if a kinase had a cys residue in its catalytic site that reacted with HNE, then the kinase activity would likely be inactivated and less phosphorylation of its target protein would occur. The modulation of a regulatory his in JNK that results in its activation described above (211) has not been shown with other kinases.
The mechanism of activation of ERK and p38MAPK by HNE is even less studied compared to JNK. HNE activation of ERK appears through targeting upstream kinases. In most studies of ERK activation by HNE, an ERK pathway inhibitor PD98059 is usually used. PD98059 inhibits ERK through inactivating MEK1/2, the upstream kinase of ERK phosphorylation. In most cases, PD98059 blocked HNE-mediated ERK activation, suggesting that HNE activates ERK through targeting upper kinases in ERK cascade. Regarding p38MAPK, Kumagai et al. reported that both p38MAPK and its upstream kinase MKK3/6, were phosphorylated (activated) upon exposure to 25 μM HNE (210) . Other researchers also noticed that HNE could markedly increase p38MAPK phosphorylation (196, 213) . These suggest that HNE activate p38MAPK through targeting upstream signaling molecules, which again have not yet been identified.
11c. Tyrosine kinase receptors
Tyrosine kinase receptors (RTKs), such as epidermal growth factor (EGFR) and plateletderived growth factor receptor (PDGFR), are a group of transmembrane proteins that display tyrosine kinase activity upon ligands binding. Studies have shown that some RTKs could be activated via redox modification in ligand-independent mechanism (214-217). Liu et al. first reported that conjugation of HNE with EGFR caused the clustering and autophosphorylation of EGFR, and triggered the EGFR-related RTK signaling cascade, including phosphorylation and activation of subsequent Src, ERK, and JNK1/2 pathways (218).
Several laboratories have confirmed the HNE activation of RTKs. In one study, HNE exposure triggered activation of PDGFR and EGFR, through an antioxidant-insensitive and ROS independent mechanism, suggesting that HNE may activate RTKs through direct conjugation that was confirmed by the presence of HNE-PDGFR adducts in atherosclerotic areas (219) . The derivatization of RTKs by HNE was also confirmed by an in vitro assay that found HNEconjugated with PDGFR-β (220).
11d. HNE and calcium signaling
The calcium ion is a well-known second messenger that is involved in many cellular functions such as muscle contraction, cellular motility, and regulation of enzyme activity. At rest state, the calcium level is maintained at 10-100 nM in the cytosol with the accumulation of calcium in endoplasmic reticulum and mitochondria. Calcium signaling occurs when the Ca 2+ concentration in the cytosol increases suddenly to 500-1000 nM with the entry of Ca 2+ from intracellular storage sites or extracellular compartment via Ca 2+ channels. Accumulating evidence suggests that redox modification of Ca 2+ channels could affect the channel activity and interfere with Ca 2+ signaling (221) . Studies have shown that HNE may also modulate cell signaling network by affecting Ca 2+ signaling. Micromolar HNE could cause Ca 2+ accumulation in the cytoplasm (222, 223) , and this may be result from the inhibitory effect of HNE on (Ca 2+ /Mg 2+ )-ATPase (224) and Ca 2+ -ATPase (225). Lu et al. recently reported that 2 h after exposure to 1-10 μM HNE Ca 2+ current was increased by 40% in hippocampal neurons, and the cytosolic Ca 2+ level was increased to about 400 nM. Further study showed that HNE activated voltage-dependent Ca 2+ channel (VDCC) through tyrosine kinasemediated phosphorylation instead of direct conjugation to VDCC (226) . The HNE activation of VDCC was further confirmed by Akaishi et al., who found that 10 μM HNE stimulated VDCC in dentate granule cells (227) .
11e. Future of HNE signaling studies
In addition to aforementioned signaling pathways, HNE has also been reportedly involved in the functional modulation of a diversity of other signaling proteins such as phospholipase D (228), PIP2-phospholipase C (229), PI3K (230), NF-κB signaling (231) , and other transcription factors, with more to come. As HNE readily forms adduct with proteins via Michael addition, many redox sensitive signaling molecules are also good targets of HNE, although the hydrophobic feature of HNE may favor modification of proteins associated with membranes and/or those proteins that have hydrophobic residues surrounding the target amino acid. As noted above, HNE modulation of signaling protein activity does not necessarily means direct conjugation, as an upstream target needs to be considered. It is essential that future studies identify the actual target of HNE modification. Future studies should also clarify how HNE signaling is integrated with signaling caused by other reactive oxygen/nitrogen species. The toxicity of H 2 O 2 can be partly explained by increased lipid peroxidation resulting in HNE production but this is less likely to occur under conditions of signaling by H 2 O 2 . Although it has been demonstrated that low HNE can cause an increase in O 2 ·− production by neutrophils while higher concentrations of HNE inhibit (232) , other studies have shown that HNE can activate uncoupling proteins and thereby decrease mitochondrial ROS production (233, 234) . Thus, the relationship between HNE and H 2 O 2 in terms of signaling versus oxidative injury requires further examination.
SUMMARY AND PERSPECTIVE
Signaling by reactive species depends to a great extent on the chemical properties of these molecules with target proteins and lipids. Nonetheless, kinetic considerations suggest that nonenzymatic reactions may not account for the observed modifications of proteins in many cases. Indeed, the necessity of enzymatic processes allows regulation that is a hallmark of physiological signaling. The identification of such signaling enzymes is one of the major challenges to the field.
Of equal importance is the identification of the site of action of reactive species both in terms of the target protein in a pathway identified as affected by the reactive species and the actual site of modification in that protein. Advances in mass spectroscopy and techniques that can be used in other aspects of signaling, such as siRNA and antibodies that recognize these modifications will bring needed rigor to this area of signaling as they are doing in phosphorylation and other better recognized post-translational modifications that are key to signal transduction.
The field of signaling by reactive species has advanced considerably. But, what remains as an obstacle is still a lack of appreciation by many scientists that reactive species are not merely instruments of cellular torture but of normal cellular physiology. Model based on studies of the activation of JNK pathway upon generation of H 2 O 2 in rat alveolar macrophages (30) and in human bronchial epithelial cells (HBE1) exposed to HNE (212) . Several stimuli are able to induce the assembly of the membrane NADPH oxidase (NOX2) in macrphages resulting in the generation of extracellular superoxide that dismutes to H 2 O 2 . ASK1, in its inactive form, is bound to the reduced Trx. Oxidation of the bound Trx to the disulfide form by H 2 O 2 , which is catalyzed by a peroxiredoxin, causes dissociation of Trx from ASK1. ASK1 then can undergo dimerization and auto-phosphorylation that initiates the sequential phosphorylation of MKK4, JNK and cJun. Phospho-cJun, as part of the AP-1 transcription factor complex, can then bind to the TRE cis element resulting in the transcription of several genes. HNE generated from the peroxidation of ω-6 polyunsaturated fatty acids under physiologic or pathologic conditions, can react with SHP-1 leading to its inactivation and degradation. As a consequence, the inhibitory effect of SHP-1 on an unknown protein upstream of MKK4 (currently under investigation), is released allowing the signal to be transmitted along the same pathway as above.
